A fundamental difference between a partially premixed flame and an equivalent premixed ͑or nonpremixed͒ flame pertains to the existence of multiple synergistically coupled reaction zones. A ''triple flame'' is a type of partially premixed flame that contains a fuel-rich premixed reaction zone, a fuel-lean premixed reaction zone, and a nonpremixed reaction zone. The objective of this investigation is to examine gravity effects on the flame structure and flow instabilities related to partially premixed triple flames. ͑An earlier investigation by us dealing with gravitational effects on partially premixed double flames essentially considered steady 0-and 1-g flames.͒ A detailed numerical model is employed to simulate a methane-air triple flame established on a slot burner. A relatively detailed mechanism involving both C 1 -and C 2 -containing species and 81 elementary reaction steps is used to represent the CH 4 -air chemistry. Validation of the computational model is provided through a comparison of predictions with nonintrusive measurements. The results indicate that the overall triple flame structure is determined by interactions between the three reaction zones, and can be controlled by changing the mixture velocity, equivalence ratio, and gravitational acceleration. While the inner rich premixed reaction zone is weakly affected by gravity, the central nonpremixed and outer lean premixed reaction zones exhibit significant differences at 0 and 1 g. For 0 g flames, these two reaction zones move away from the centerline compared to the corresponding 1 g flames, since the entrainment of the lean outer flow is reduced in the absence of buoyant advection. Velocity vectors outside the lean premixed zone are directed away from the centerline due to flow dilatation in a 0 g flame, whereas they are directed towards the centerline due to the buoyancy-induced entrainment that occurs in a corresponding 1 g flame. Consequently, there is an increased physical separation and reduced heat and mass transport between the three reaction zones of the 0 g flame. The nonpremixed reaction zone height decreases due to the increase in residence time at 0 g. The reduced advection and ͑transport͒ at 0 g results in a flame that is less compact and has thicker reaction zones and which, therefore, is more sensitive to flow or stoichiometry perturbations. The flame structure and the interactions between the three reaction zones are found to be well-represented in terms of a modified conserved scalar . A fundamental difference between the 0 and 1 g triple flames is due to their transient behavior and markedly different response to changes in the coflow velocity. Our simulations indicate the presence of a shear-induced convective instability and a buoyancy-induced global instability in laminar triple flames that depend upon the magnitude of coflow velocity and gravitational acceleration. The outer premixed reaction zone of 0 g flames exhibits a hitherto unreported weak oscillatory behavior at higher coflow rates that is related to a Kelvin-Helmholtz instability of the momentum shear layer. The instability in the 0 g flame is confined to the outer premixed zone. In contrast, decreasing the coflow velocity at 1 g causes a well-organized flickering of the outer reaction zone that can affect all three reaction zones. The flickering frequency is relatively insensitive to changes in the coflow velocity, as both computed and measured frequencies are found to be in a narrow range of 9-12 Hz. However, the flickering amplitude exhibits strong sensitivity to the coflow velocity as it is reduced to a value smaller than the inner jet velocity, and becomes noticeably large causing oscillations in all three reaction zones. There is a good agreement between the predicted and measured dynamics of the flickering 1 g flames.
INTRODUCTION
Partially premixed flames are hybrid flames containing multiple reaction zones. These flames are of fundamental importance to the phenomena of nonpremixed flame stabilization and liftoff, spray combustion, and localized extinction and reignition in turbulent flames. A double flame 1-3 containing a fuel-rich premixed reaction zone that synergistically interacts with a nonpremixed reaction zone is an example of a partially premixed flame. A triple flame [4] [5] [6] that contains three reaction zones offers another example. A triple flame contains a fuel-rich premixed zone, a fuel-lean premixed zone, and a nonpremixed reaction zone. We will discuss such a flame, in which the two premixed reaction zones form exterior wings and the nonpremixed reaction a͒ Author to whom correspondence should be addressed. Electronic mail: ska@uic.edu zone is established in between these two wings ͑in the region where excess fuel and oxidizer from the rich and lean premixed reaction zones, respectively, mix in stoichiometric proportion͒. The overall flame structure is determined by the interactions between these three reaction regions, and can be controlled by changing the various reactant velocities and equivalence ratios.
A fundamental difference between a partially premixed flame and an equivalent premixed or nonpremixed flame pertains to the existence of multiple synergistically coupled reaction zones. The structure of partially premixed flames is determined by the interactions that arise among these zones due to the synergy between the thermochemistry and the heat and mass transport. For example, in a methane-air triple flame the inner rich premixed reaction zone provides CO and H 2 , which serve as ''intermediate fuels, ' ' and excess methane to the nonpremixed zone, whereas the latter supplies heat and radical species ͑H and OH͒ to both the inner and outer zones. 6 The outer zone in turn provides excess O 2 and oxygen atoms to the nonpremixed reaction zone. The interactions between the various reaction zones occur due to the advection and diffusion of both heat and mass. These effects are strongly influenced by flow dilation and gravity, as well as flame curvature and differential diffusion. In a normalgravity partially premixed flame, the flow dilatation due to the heat release in the inner zone directs the velocity vectors towards the nonpremixed zone ͑away from the centerline͒, whereas buoyancy has an opposite consequence. 7 A similar effect occurs in the region between the nonpremixed and outer premixed zones. Therefore, the physical separation between the reaction zones is reduced so that the topography of the nonpremixed and outer premixed zones is modified in the absence of gravity. The stretch rate experienced by these zones is also altered.
We have recently examined the effects of flow dilatation and buoyancy on the structure of a steady two-dimensional partially premixed methane-air double flame 7 ͑recall that a double flame contains two reaction zones, one which is a rich premixed reaction zone, and the other a nonpremixed reaction zone͒. In that flame, methane was partially oxidized to form CO and H 2 in the inner premixed reaction zone and these species were transported to the outer nonpremixed zone where they were oxidized to form CO 2 and H 2 O. The outer zone in turn supplied heat and radical species such as OH and H-atoms to the inner zone. For the investigated conditions, we found the inner premixed zone to be relatively unaffected by either flow dilatation or buoyancy, since these effects were confined to the post-flame region. The structure of the nonpremixed zone was, however, strongly influenced by both flow dilatation and buoyancy. The flow dilatation pushed the outer nonpremixed zone further outward ͑away from the centerline͒, while buoyant convection had the opposite effect. Consequently, the absence of gravity resulted in an increased separation between the two reaction zones. The 0 g nonpremixed zone was spatially larger and thicker compared to the corresponding 1 g flame, since transverse diffusive transport were enhanced relative to advection in zero gravity.
The objective of this investigation is to examine gravity effects on the structure of a partially premixed triple flame. In contrast to a double flame in which gravity mainly affects the outer nonpremixed reaction zone, in the triple flame buoyancy is expected to influence both the outer lean premixed and the central nonpremixed reaction zones. This in turn can influence the inner premixed reaction zone. The outer premixed zone may also mitigate the influence of gravity on the nonpremixed zone by providing a shield against the buoyant convection. Furthermore, the outer zone of a triple flame, being a region of lean premixed combustion, is expected to be more prone to inherent flow and combustion instabilities as compared to a double flame.
NUMERICAL MODEL
Our numerical model simulates a triple flame established on a Wolfhard-Parker slot burner ͑that is schematically illustrated in Fig. 1͒ . A rich mixture is introduced from the inner slot and a lean mixture is introduced from the two symmetric outer slots. This configuration has been used by us in recent investigations 3, 6, 7 in which the numerical results were validated by a comparison with nonintrusive measurements. The experimental diagnostics involved chemiluminescent emission imaging of excited C 2 * radicals, 3, 6, 7 holographic interferometry temperature measurements, 7 and particle image velocimetry (PIV) 3 and laser Doppler velocimetry (LDV) 7 velocity measurements. The numerical model is based on the solution of timedependent governing equations for a two-dimensional reacting flow. Using Cartesian coordinates (x,y), these equations can be written in the form
where denotes density, and u and v, respectively, represent the transverse ͑x͒ and axial ͑y͒ velocity components. 
where R u represents the universal gas constant, T the temperature, and M i the molecular weight of ith species. The thermodynamic and transport properties appearing in the above equations are considered to be temperature and species dependent. First, the viscosity and thermal conductivity of the individual species are estimated based on Chapman-Enskog collision theory, following which those of the mixture are determined using the Wilke semiempirical formulas. Chapman-Enskog theory and the Lennard-Jones potentials are used to estimate the binary-diffusion coefficient between each species and nitrogen. 8 A relatively detailed 24-species, 81-step mechanism involving both C 1 -and C 2 -containing species is used to represent the CH 4 -air chemistry. 9 The computational domain is bounded by the symmetry plane and an outflow boundary in the transverse direction, and by the inflow and another outflow boundary in the axial direction. Symmetric conditions are applied at the left boundary, whereas the right boundary is treated as a free surface. At the inflow boundary, except for the wall where no-slip boundary conditions are imposed, uniform velocity profiles are assumed for both the inner fuel-rich and outer fuel-lean streams. The temperature and species mass fraction profiles are also assumed to be uniform at the inflow boundary. The flow variables at the outflow boundary are obtained using an extrapolation procedure with weighted zero-and first-order terms. The main criterion used in selecting the weighting functions is that the flow should exit the outflow boundary without being distorted. In addition, the outflow boundaries in both directions are located sufficiently far from the respective inflow and symmetric boundaries so that the propagation of boundary-induced disturbances is minimized. The boundary conditions are indicated in Fig. 1 .
The computational model is based on an algorithm developed by Katta et al. 8 An implicit algorithm is employed to solve the unsteady gas-phase equations. The governing equations are integrated by using a ''finite control volume'' approach with a staggered, nonuniform grid system ͑131ϫ88͒. Grid lines are clustered near the flame surfaces to resolve the steep gradients of the dependent variables. An iterative ADI ͑Alternating Direction Implicit͒ technique is used for solving the resulting (N s ϩ3) sets of algebraic equations. A stable numerical-integration procedure is achieved by coupling the species and energy equations through the chemical-reaction source terms. At every time step, the pressure field is calculated by solving the pressure Poisson equations at all grid points simultaneously and utilizing the LU ͑Lower and Upper diagonal͒ matrix-decomposition technique. 3, 8, 10 
RESULTS AND DISCUSSION
Further validation of the computational model for a representative triple flame established under 1 g conditions is provided through a comparison of predictions with measurements. Figure 2͑a͒ presents a comparison between the computed volumetric heat release rates ͑left͒ with the experimentally measured C 2 *-chemiluminescence intensities. 6, 11 The excited C 2 * free radical species is considered to be a good indicator of the reaction zone in the fuel-rich regions of flames, in which its light intensity varies linearly with the volumetric heat release. 6 The C 2 *-chemiluminescence images were obtained using a 513ϫ480 pixel intensified and gated solid-state camera ͑ITT F4577͒. A narrow wavelength interference filter ͑470Ϯ10 nm͒ was employed to detect the emission occurring at 473 nm due to the ͑1,0͒ C 2 Swan band. 12 A background image was subtracted from the raw images to correct for noise. Since the chemiluminescence images are directly proportional to the C 2 * formation rate, they, therefore, serve as a qualitative rate measure of the flame chemistry. 13 We observe from Fig. 2͑a͒ that the predicted flame shape is in excellent agreement with the spatial profile of the measured chemiluminescence intensity. While the locations of the rich premixed and the nonpremixed reaction zones are in agreement, the lean premixed reaction zone has a weaker chemiluminescent intensity than the predictions indicate. This is due to the fact that C 2 * radicals are relatively weaker in the outer lean premixed reaction zone than in richer regions. 6 This difference can be attributed to the dominant reaction pathways that are different in the lean and rich premixed regions. 6 Perhaps, the OH chemiluminescence should be employed to capture the reaction zone in the lean premixed region. , overall ϭ0.6. The experimental image has been normalized by multiplying each pixel intensity by a constant value, which is the ratio of the maximum heat release rate to the maximum pixel intensity. ͑b͒ Comparison between the predicted ͑left͒ and measured velocity vectors for the same flame. Figure 2͑b͒ presents a comparison between the predicted ͑left͒ and measured ͑right͒ velocity vectors for the same flame. The predicted heat release rates are also shown so that the locations of the three reaction zones can be identified. The measured velocity vectors are obtained using LDV, details of which are presented elsewhere. 6 There is good quantitative agreement between the measured and predicted velocities. The heat release produces dilatation effects normal to the inner and outer premixed reaction zones. This directs the velocity vectors away from the centerline, which is apparent downstream of the inner reaction zone near the base and near the nonpremixed zone in Fig. 2͑b͒ . Buoyancy effects entrain the oxidizer from the lean outer flow and transport it to the nonpremixed reaction zone and, consequently, the velocity vectors turn towards the centerline. These results are in accord with previous predictions regarding gravitational effects on partially premixed flames containing two reaction zones.
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Effect of gravity on the global triple flame structure Figure 3 depicts the global structure of a representative triple flame established under 0 g ͑left͒ and 1 g ͑right͒ conditions at an overall equivalence ratio ϭ0.5. The global equivalence ratio is based on the total mass flow rates of fuel and air in both the inner and outer streams. Other conditions for this case are in ϭ1. 8 The predicted velocity vectors and heat release rate contours are presented for the 0 and 1 g flames in Fig. 3 . The three reaction zones are readily identified from the heat release rate contours, which show that the central nonpremixed reaction zone separates an inner fuel-rich premixed zone and an outer fuel-lean premixed zone. The inner rich premixed reaction zone is virtually unaffected by gravity, but both the central nonpremixed and outer lean premixed reaction zones exhibit significant differences at 0 and 1 g. At 0 g, locations of the reaction zones move away from the centerline as compared to the corresponding 1 g flames, since the entrainment of the lean outer flow towards the centerline is considerably reduced due to the absence of buoyant advection.
The presence of gravity increases the nonpremixed reaction zone height, since buoyant acceleration and advection decreases the residence time available to the flow to move through the domain. The enhanced buoyant advection is illustrated in Fig. 4 , which presents the centerline velocity with respect to the axial displacement for three 0, 0.5, and 1 g flames, established at the reference flow and stoichiometry conditions. At 0 g the nonpremixed reaction zone is, consequently, less stretched, and has a less intense tip due to the reduction in transport and, therefore, chemical activity. Heat and mass transport is also reduced due to the larger physical separation between this and other reaction zones in the absence of gravity. These observations regarding the nonpremixed reaction zone are consistent with the results of our previous investigation that pertains to gravity effects on partially premixed double flames. 7 As we have mentioned earlier, gravity modifies the transport-induced interactions between the various reaction zones. For example, the flow dilatation downstream of the inner premixed and central nonpremixed zones directs the velocity vectors toward the outer premixed zone ͑i.e., away from the centerline͒, whereas buoyant advection has an opposite effect. In addition, the velocity vectors outside the lean premixed zone are directed away from the centerline due to flow dilatation in the 0 g flame, whereas they are directed towards the centerline due to the buoyancy-induced entrainment that occurs in the 1 g flame. Consequently, the presence of gravity decreases the spatial separation between the central nonpremixed and outer premixed zones, thereby further enhancing the synergism between the two regions.
Effects of equivalence ratio and coflow velocity
The effect of stoichiometry on the global flame structure at both 0 and 1 g is illustrated in Fig. 5 , which presents heat release rates and velocity vectors for three cases. The equivalence ratios for these cases are: ͑a͒ in ϭ1.6 and out ϭ0.40, ͑b͒ in ϭ1.8, out ϭ0.38, and ͑c͒ in ϭ2.1 and out ϭ0.36. For all these cases the global equivalence ratio is 0.5, and the velocities in the inner and outer streams ͑that are related to the global residence time͒ are 0.3 and 0.7 m s Ϫ1 , respectively. Case ͑b͒ corresponds to the reference conditions.
For all of the cases the three reaction zones can be clearly distinguished: A central nonpremixed reaction zone is located between an inner rich premixed zone and an outer lean premixed zone. The height of the inner reaction zone increases as the equivalence ratio of the inner stream is raised. The richer the mixture in the inner stream, the longer it takes for the fuel consumption reactions to be complete. Therefore, since the global residence time is held constant in the three cases, the variation of the inner reaction zone height with in is due to differences in the chemical reaction time. The central nonpremixed reaction zone establishes itself at locations where stoichiometric conditions exist. Consequently, its height adjusts to that of the inner premixed zone, and this length increases as in is raised.
The outer lean premixed zone is affected relatively mildly upon varying the equivalence ratios. This zone bends further toward the centerline and moves closer to the nonpremixed reaction zone as out decreases due to the increase in the chemical reaction time in the outer zone. The heat release rates appear to be of the same order of magnitude in the three reaction zones near the flame base, but are much weaker at the tip of the nonpremixed reaction zone, since fuel is relatively scarce at that location.
The inner premixed reaction zone does not appear to be affected by gravity for the three cases presented in Fig. 5 . However, gravity has a significant influence on both the central nonpremixed and outer premixed reaction zones in a similar manner to the case presented in Fig. 3 . The locations of these reaction zones move away from the centerline at 0 g as compared to the respective 1 g flames, since both advection and entrainment are reduced in the absence of buoyancy. Again, due to the reduced advective transport, the nonpremixed zone height decreases in the absence of gravity. In general, both the qualitative and quantitative effects of gravity on the triple flame structure are similar over the range of equivalence ratios that we have investigated.
For all three cases discussed in Fig. 5 , the outer premixed reaction zone of the 1 g flames is steady, whereas that of the 0 g flames exhibits a weak oscillatory behavior that is related to a shear-induced ͑advective͒ Kelvin-Helmholtz instability. This aspect is discussed in the next section. Figure 6 illustrates the effect of coflow velocity on the triple flame structure under 0 and 1 g conditions. The coflow velocity has a markedly different effect on the structures of the 0 and 1 g flames. For the 0 g flame, as v out decreases, the advection in the outer stream is reduced and, consequently, the outer reaction zones move further away from the centerline. This increases the spatial separation between the nonpremixed zone and the outer premixed zone. This effect becomes more pronounced as v out is reduced further. For the smallest coflow velocity, the outer premixed reaction zone becomes noticeably compact. This is caused by the significantly increased physical separation between the outer premixed zone and the central nonpremixed and inner premixed zones, which leads to reduced interaction between the two regions. In addition, the outer reaction zone becomes more stable as v out is reduced at 0 g, an explanation for which is provided in the next section.
For the three cases shown in Fig. 6 , the 0 g triple flame has a relatively stable behavior, whereas the corresponding 1 g flame exhibits a well-organized flicker of the outer reaction zone. Moreover, as the coflow velocity is decreased, the flickering becomes progressively more pronounced and causes oscillations in all three reaction zones. The flame flickering phenomena, whereby the flame is periodically pinched by a convecting vortex generated by the buoyancyinduced absolute instability, has been comprehensively discussed in previous experimental and computational studies.
10,14-17 However, in the cited studies, the flame flickering phenomena has been discussed in the context of either nonpremixed or premixed flames, but not with respect to a partially premixed triple flame.
The flickering frequency can be obtained by recording the temperature history at select spatial locations. Figure 7 presents these temperature history plots for the three 1 g flames depicted in Fig. 6 . The plots indicate a well-organized flickering process for all three cases. For the case with high coflow velocity (v out ϭ0.7), the temperature oscillations have a relatively small amplitude ͑Ϸ6% of the maximum͒. Consequently, visual examination of the heat release rate contours for this case does not discern any perceptible flame flickering ͓cf. Fig. 6͑a͔͒ . However, for the other two cases with low coflow velocity, the temperature history plots show higher-amplitude oscillations and the flame flickering is prominent and immediately perceptible, which can be clearly inferred from the images in Figs. 6͑b͒ and 6͑c͒. Both the central nonpremixed and outer lean premixed zones flicker quite strongly, and their heights oscillate over a wide spatial range. For the third case (v out ϭ0.1), the magnitude of the oscillations is even more pronounced, and this large amplitude flicker in the outer zones also induces an oscillation in the inner premixed zone. This behavior attests to the fact that the three reaction zones are synergistically coupled and that the coupling is enhanced by transport effects ͑such as by buoyant advection in the presence of gravity͒.
The transient process and the relative amplitude of oscillations involved with flame flickering for the three cases are more clearly depicted by the instantaneous images presented in Fig. 8 . The three cases correspond to v out ϭ0.7, 0.3, and 0.1 m s
Ϫ1
, respectively. For both predictions ͓and measurements presented in Fig. 8͑d͔͒ , four images are shown within a single time period of oscillation. The images clearly show that there is a large amplitude flicker of both the central nonpremixed and outer lean premixed zones for the latter two cases. Their respective reaction zone heights oscillate over a wide spatial range. An oscillation is also observed in the inner premixed reaction zone for case ͑c͒, although the corresponding flicker amplitude is much smaller than that in the other two zones of the flame.
The buoyancy-induced instability is initiated at Y Ϸ30 mm on the reactant side of the outer lean premixed flame. The resulting vortex convects downstream and strongly interacts with the lean premixed zone, thereby causing a large-amplitude flicker of this zone. This, in turn, induces a similar large-amplitude flicker in the nonpremixed reaction zone as its height oscillates over a wide spatial region. This coupling provides further evidence of the strong synergistic interactions between these two reaction zones. As the coflow velocity is reduced from 0.3 to 0.1 m s Ϫ1 , the flicker amplitude is further increased in both the lean premixed and nonpremixed zones. The increase in flicker amplitude is more clearly seen from the temperature-history plots presented in Fig. 7 . At the lower coflow velocity of 0.1 m s Ϫ1 , the flicker of the nonpremixed zone is also accompanied by a periodic pinching of this zone, which can be inferred from the images presented in Fig. 8͑c͒ . Another important feature of flame-vortex interaction pertains to the unsteady curvature in the outer premixed zone that is induced by the convecting vortex. As the vortex moves downstream, it produces both convex and concave curvature in the lean premixed zone. This, in turn, induces a curvature in the nonpremixed reaction zone. The coupling of curvature and differential diffusion effects is known to influence radical production and flame dynamics during combustion.
High-speed video ͑Kodak͒ images were obtained for the flames established at the conditions corresponding to Figs. 8͑b͒ and 8͑c͒ at the rate of 250 frames s Ϫ1 . Assuming that the reaction zones correspond to locations of intense chemiluminescence, it is possible to observe the instantaneous topography of each reaction zone from the images. We have quantified the oscillations in the height of the inner premixed reaction zone, and the horizontal displacements of the nonpremixed and lean premixed reaction zones at a specified axial displacement. It is possible to characterize the oscillation frequency from these measurements. The oscillation frequencies were found to be identical using these three different criteria based on unsteadiness in each of the three reaction zones. Figure 8͑d͒ compares the high-speed video ͑flame luminescence͒ images ͑on the left͒ with the predicted heat release rates ͑on the right͒ for the case corresponding to v out ϭ0.1. A full oscillation period for this flame is Ϸ112 m s, and subsequent images correspond to every one-fourth of that cycle. Observing the figure from left to right, conspicuous changes in the flame structure are noticeable due to the unsteadiness. The first image depicts a high and relatively straight nonpremixed reaction zone, whereas the outer lean premixed reaction zone tends to diverge. The central nonpremixed and outer lean premixed zones subsequently narrow, and the inner reaction zone height becomes smaller. Finally, the outer reaction zone pinches off, reducing the heights of both the inner rich premixed and central nonpremixed reaction zones.
For the flames discussed in the context of Figs. 7 and 8, the flickering frequencies were obtained by using instantaneous video images as well as making temperature measurements using a thermocouple. While the thermocouple technique is unsuitable for making quantitative temperature measurements in these unsteady flames, it can nevertheless capture the temperature periodicity to yield the oscillation frequencies correctly. The measured and predicted frequencies are presented in Table I for the flames corresponding to Figs. 8͑b͒ and 8͑c͒. These are found to be in excellent agreement for both cases, and are, respectively, Ϸ12.2 and 8.8 Hz. The magnitude of the oscillations in the flame discussed in Fig. 8͑a͒ are very small so that both thermocouple and video measurements in the laboratory flame are masked by noise.
While the amplitude of the oscillations exhibits a strong sensitivity to the change in the coflow velocity, the flickering frequency is weakly dependent on this velocity. For the three cases illustrated in Fig. 7 , the computed frequencies are 9.0, 12.2, and 8.8 Hz, respectively. ͑The temperature history was recorded at several spatial locations for each case and the reported frequencies were found to vary by less than two percent of these values.͒ The computed and measured frequencies are well within the range of experimental values reported for flickering nonpremixed ͑diffusion͒ flames.
14,17
Presence of absolute and convective instabilities in triple flames
Our simulations have indicated the presence of either a shear-induced convective instability or a buoyancy-induced global instability in laminar triple flames, depending upon the magnitude of the coflow velocity and the gravitational acceleration. Evidence for this is provided by the heat release Ϫ1 , a large vortex structure is periodically generated due to the buoyancy-induced instability, which causes the outer premixed reaction zone to flicker. As the coflow velocity is further reduced, both the central nonpremixed and outer premixed zones strongly flicker, with their heights oscillating over a wide range. This also causes the inner premixed zone in the 1 g flame to oscillate. In contrast, decreasing the coflow velocity in the corresponding 0 g flames causes the outer reaction zones to become more stable. Flame flickering caused by buoyancy-induced convection has been extensively discussed in previous experimental, theoretical, and computational investigations. 10, [14] [15] [16] [17] [18] [19] [20] However, the presence of a shear-induced instability in laminar triple flames under 0 g conditions has not been previously reported.
We will examine this aspect further. We present the transverse profiles of the axial momentum flux (u 2 ) for the 0 and 1 g reference flames in Fig. 9 at an axial displacement of Y ϭ120 mm. The location of the outer reaction zone indicated in the figure is based on the important initiation reaction CH 4 ϩH→CH 3 ϩH 2 that leads to subsequent fuel consumption. The outer lean premixed zone is located at X Ϸ20 mm for the 0 g flame and at XϷ12 mm for the 1 g flame. The momentum flux profile for the 0 g flame has a peak at XϷ27 mm, which is followed by a shear layer that exists between 27ϽXϽ35 mm. In the shear layer, the momentum flux drops sharply from its maximum value to zero. The existence of this shear layer for the 0 g case can be attributed to the combined effect of a relatively high coflow velocity and the absence of buoyancy.
The momentum flux in the region between the centerline and outer reaction zone is an order of magnitude higher for 1 g flame as compared to the 0 g flame. This difference occurs since the fluid acceleration in the 1 g flame is caused by both flow dilatation and buoyancy, whereas that in the 0 g flame is due to flow dilatation alone. The smaller momentum flux in the inner region is partly responsible for the peak in the momentum flux profile that occurs at XϷ27 mm in the 0 g flame. Additional factors contributing to the existence of this peak are ͑1͒ the higher coflow velocity, and ͑2͒ the increase in the mixture density which approaches its ambient value outside the lean premixed zone.
The frequency associated with the oscillation of the outer reaction zone is computed by recording the temperature history at selected spatial locations. The computed Strouhal number based on this frequency, a momentum thickness of 3 mm ͑defined by the distance over which the momentum flux decreases by 50%͒, and an average velocity of 0.5 m s Ϫ1 has a value of 0.027. For a constant density shear layer instability, the measured Strouhal number reported by Hussain and Hussain 21 is in the range from 0.025-0.031.
We hypothesize that the instability of the outer reaction zone in 0 g flame is a convective Kelvin-Helmholtz instability that occurs due to the existence of the momentum shear layer. It is important to note that this shear layer exists only when the coflow velocity is sufficiently high and the gravitational acceleration is zero. In order to provide additional validation for our hypothesis, results for another case are presented in Fig. 10 . The coflow velocity has been reduced from 0.7 to 0.3 m s Ϫ1 for the flames discussed in Fig.  10 , with the other conditions being the same as for the corresponding flames discussed in Fig. 9 . For the smaller coflow velocity, the momentum flux for the 0 g case exhibits a rela- tively smooth profile indicating the absence of a distinct shear layer. Consequently, the outer reaction zone of the 0 g flame exhibits a relatively stable behavior ͓cf. Fig. 6͑b͔͒ . This was also confirmed by comparing the temperature history plots for the 0 and 1 g flames with v out ϭ0.3 m s Ϫ1 . As noted earlier, the plots indicated a well-organized oscillatory behavior for the 1 g flame, but a steady-state behavior for the 0 g flame.
It is important to note that the gravitational effects on a partially premixed triple flame are different from those on a corresponding double flame. 7 Compared to a double flame, the nonpremixed reaction zone of a triple flame is relatively less affected by gravity. This difference is attributed to the presence of an outer lean premixed reaction zone in triple flames, which acts as a shield against the entrainment and enhanced advection caused by buoyancy. In addition, triple flames may be more prone to a buoyancy-induced instability, which leads to their well-organized flickering behavior. Our earlier investigation 7 dealing with the gravitational effects on partially premixed double flames essentially considered steady 0 and 1 g flames. The convective flow instability that we have simulated at 0 g in partially premixed flames has not been previously reported.
Effect of buoyancy on triple flame chemistry
The effect of buoyancy on the flame chemistry is illustrated in Fig. 11 in which we plot the reaction-rate contours of the major fuel decomposition reaction CH 4 ϩH⇔CH 3 ϩH 2 , and the major product-formation reactions H 2 ϩOH⇔H 2 OϩH and COϩOH⇔CO 2 ϩH for the 1 ͑top͒ and 0 g ͑bottom͒ reference flames. The fuel decomposition reaction has similar strength in the inner rich premixed reaction zone for both the 0 and 1 g flames. However, it is relatively weaker in the central nonpremixed and outer lean premixed reaction zones of the 0 g flame than that at the corresponding locations in the 1 g flame. The larger separation between the central nonpremixed and outer premixed zones in the case of the 0 g flame is clearly illustrated by observing the fuel decomposition reaction rates. The rates of the reaction H 2 ϩOH⇔H 2 OϩH show that the central nonpremixed zone has a more open tip at 0 g, which permits a slightly larger leakage of H 2 through that reaction zone under that condition. The molecular hydrogen that leaks through the nonpremixed zone is consumed further downstream in the outer premixed reaction zone. The water formation reaction, which is significant in the nonpremixed and lean pre- mixed zones, 6 occurs in a broader region but at lower local rates at 0 g. Similar observations can be made regarding the CO-consumption reaction COϩOH⇔CO 2 ϩH.
The triple flame structure and the interactions between the three reaction zones can be considered in terms of a modified conserved scalar . We have found such an approach to be effective while characterizing the structure of an axisymmetric partially premixed flame. 2 A modified mixture fraction can be defined on the basis of the elemental nitrogen mass fraction, i.e.,
where Z N,max denotes the elemental nitrogen mass fraction in the fuel-rich stream, Z N the local mass fraction of elemental nitrogen, and Z N,min the corresponding mass fraction in the fuel-lean stream. Values of are bounded by 0 ͑on the lean side͒ and 1 ͑on the rich side͒. Figure 12 presents the modified mixture fraction ͑left͒ and heat release rate ͑right͒ contours for the reference flames established at 1 and 0 g. The three reaction zones can be located by different contour ranges of . For both cases, the inner rich premixed reaction zone lies between 0.75ϽϽ0.98, the central nonpremixed zone between 0.44ϽϽ0.53, and the outer lean premixed reaction zone lies between 0.02ϽϽ0.10, suggesting that the thermochemistry and state relationships are well-correlated in both cases. Figure 13 presents the transverse profiles of temperature and the mass fractions of H, OH, and CO with respect to at three axial displacements above the burner exit for the reference 0 and 1 g flames. The profiles at the lowest axial location ͑i.e., at 14 mm above the burner exit͒ include data from all three reaction zones. The axial displacement of 30 mm lies above the inner rich premixed reaction zone and, consequently, the profiles cross the central nonpremixed and the outer lean premixed reaction zones. Likewise, the data at a displacement of 75 mm cut across the outer lean premixed zone alone. The scalar profiles exhibit a gradient change at Ϸ0.3 due to the existence of the outer lean premixed zone, at Ϸ0.55 due to the central nonpremixed zone, and again at Ϸ0.8 due to the outer rich premixed zone. The three reaction zones are also identified by presenting the heat release rate profile with respect to for the 0 and 1 g flames. In general, the gradient changes in the scalar profiles occur at roughly at the same values of , although these changes arise at different transverse locations in the physical space occupied by the two flames. The heat release rates for the two flames also exhibit a self-similar behavior. The results contained in Figs. 12 and 13 indicate the utility of the modified mixture fraction approach as a general tool to characterize the structure of laminar triple flames, regardless of the influence of buoyant transport.
The scalar profiles indicate that inner rich-premixed and central nonpremixed reaction zones are relatively uninfluenced by gravity. However, the scalar profiles in the lean premixed reaction zones are noticeably different at 0 and 1 g. In general, at lower axial displacements the radical ͑H and OH͒ species' mass fractions are smaller for the 0 g flame than those for the 1 g flame. This arises due to the reduced interaction between this and the central nonpremixed zone that leads to a lower chemical activity in the lean premixed zone of the 0 g flame. As has been previously discussed, the larger physical separation between the two zones is a consequence of the reduction in advective transport. The mass fraction profiles with respect to the modified mixture fraction provide useful insight regarding scalar transport and the synergistic interactions between the reaction zones. For instance, these profiles indicate that the maxima in the radical species concentrations occur in the nonpremixed reaction zone. This implies that the nonpremixed zone represents a region of higher chemical activity from which H-atoms and OH radicals are transported to the two premixed reaction zones. This phenomena is also illustrated for the reference flames through Figs. 14 and 15 , which, respectively, present the advective and diffusive fluxes of H-atoms and other species. The nonpremixed zone, being the region of highest temperature, also provides heat to both premixed zones. The maximum in the CO mass fraction occurs in the rich premixed zone, indicating that CO is largely produced there and subsequently transported to the nonpremixed zone where it is converted into CO 2 . Similar observations can be made regarding H 2 . Figure 13 also indicates that the chemical structures of the rich and lean premixed zones are markedly different. The hydroxyl mass fraction drops sharply in the region between the nonpremixed and rich premixed reaction zones, implying that the OH radicals are both produced and consumed in the nonpremixed zone, as well as transported to the inner and outer premixed zones. The mass fraction of radical species in the nonpremixed and lean premixed regions decrease in the downstream direction as these species approach their equilibrium concentrations and are diluted by the transport of air. flames, since this is dominated by the fluxes introduced into the burner. However, in the region upstream of the lean premixed zone, the advection of these species differs significantly in the two flames. At 0 g, the direction of advection is directed further away from the centerline, since entrainment diminishes in the absence of buoyant convection. Consequently, the physical separation between the nonpremixed and lean premixed zones increases at 0 g. The advection of H-atoms mostly occurs in the nonpremixed zone, which indicates their availability in this region. The advective flux of H-atoms is significantly enhanced by gravity, which leads to an increase in the height of the nonpremixed reaction zone at 1 g. The advective flux of H is directed toward the centerline due to buoyancy and, therefore, the 1 g flame is more compact than the corresponding 0 g flame.
Species advection and diffusion in 1 g and 0 g triple flames
The diffusive fluxes of CH 4 , O 2 , and H ͓defined as ϪD iϪN 2 (‫ץ‬Y i /‫ץ‬x)iϪD iϪN 2 (‫ץ‬Y i /‫ץ‬y)j] are presented in Fig. 15 for the 0 and 1 g flames. The diffusive flux of CH 4 indicates leakage of methane from the inner premixed zone to the nonpremixed zone, while that of O 2 indicates diffusion of this species from both the rich and lean premixed zones toward the nonpremixed zone. The diffusive flux of H-atoms indicates that H is produced in the nonpremixed reaction zone and is then transported to both the inner and outer premixed zones.
No significant differences related to diffusive transport are observed for the two flames in either of the three reaction zones, although there is slightly higher diffusion in the nonpremixed and lean premixed zones at 1 g. Buoyancy influences diffusive fluxes in a less direct manner than it does advection. The 0 g flame exhibits generally broader nonpremixed and lean premixed reaction zones. Consequently, the species concentration gradients in this flame are less steep than in the 1 g flame, which lowers the diffusive transport. Overall, diffusion is not as greatly influenced by gravity as is advection, although its importance relative to advection is enhanced at 0 g. The decrease in both diffusion and advection at 0 g results in a flame that is less compact and has thicker reaction zones, and which, therefore, is more sensitive to flow or stoichiometry perturbations.
Thermal radiation effects
We have not considered thermal radiation effects in this investigation. The high-temperature regions are much broader at 0 g and, consequently, thermal radiation effects can become significant as the role of gravity is diminished. The radiative cooling time r for a gaseous volume of combustion products that is initially at its adiabatic flame temperature T f is r ϭT f /(dT/dt)ϷT f /(q/c p ), where q denotes the heat loss rate, the density, and c p the specific heat at constant pressure. 7, 22 The optically thin gas assumption implies that qϭ(4a p (T f 4 ϪT 0 4 )), where represents the Stefan-Boltzmann constant, a p the Planck mean absorption coefficient, and T 0 the ambient temperature. Using the ideal gas state relation and the expression for q, r Ϸ(␥/(␥ Ϫ1))P/(4a p (T f 4 ϪT 0 4 )), where ␥ denotes the specific heat ratio, and P is the ambient pressure. Assuming Pϭ1 atm, a p ϭ56 cm Ϫ1 , ␥ϭ1.35, T 0 ϭ298 K, and the partially premixed ''flame'' temperatures to vary from 1650 to 2200 K ͑in the inner premixed and outer nonpremixed reaction zones͒, the corresponding r values lie in the range 0.3-0.09 s.
The diffusive transport time scale d ϭ␦ 2 /␣, where ␦ denotes a transport zone thickness and ␣ a temperatureaveraged diffusivity. The buoyant transport time scale b ϷL/U b , where, L represents a characteristic length, U b Ϸ(gL(⌬/)) 1/2 is the buoyancy-induced velocity, and ⌬ denotes the density change across the reaction front. In gen- Figs. 14 and 15͒, b Ͻ d , i. e., gravitational effects overwhelm transport effects.
Radiation effects are relatively unimportant at normal gravity, since b Ͻ r . However, b →ϱ as g→0, and radiation effects can be significant under microgravity conditions. As g→0 we have shown that the role of molecular transport becomes more important, and it is possible that r Ϸ d . Therefore, future investigations should address the issue of thermal radiation effects.
CONCLUSIONS
We have presented the results of a detailed investigation on the effects of buoyancy on the structure of laminar methane-air triple flames established on a Wolfhard-Parker slot burner. The computations have been validated by comparing the measured and predicted velocity fields, and the experimentally obtained chemiluminescent C 2 * emission with the spatial distribution of predicted heat release rates for a representative triple flame established at a near-unity Froude number. The flickering frequencies of the 1 g triple flames obtained from simulations and measurements are also found to be in good agreement. Numerical results are then used to characterize the effects of equivalence ratio and coflow velocity on the structure of 0 g and 1 g triple flames. Important observations are as follows:
͑1͒ Combustion occurs in three reaction zones: An inner rich premixed zone, a central nonpremixed zone, and an outer lean premixed zone. The central nonpremixed reaction zone is established in the region where ''fuel'' and ''oxidizer'' supplied from the respective rich and lean premixed reaction zones mix in stoichiometric proportion. The overall flame structure is determined by the interactions that occur between the three reaction zones, and can be controlled by changing the mixture velocity, equivalence ratio, and gravitational acceleration. ͑2͒ The inner premixed zone consumes CH 4 and O 2 , and supplies CO, H 2 ͑the ''intermediate fuels'' for the nonpremixed reaction zone͒ and excess methane to the nonpremixed zone. The nonpremixed zone consumes these fuels and, in turn, produces radical species such as OH and H-atoms that are transported to the inner and outer premixed zones and consumed there. The outer zone provides oxygen to the nonpremixed zone. The nonpremixed zone, being the region of highest temperature, also provides heat to both premixed zones. ͑3͒ For all the conditions investigated, the zero-g flame is spatially larger than the corresponding normal-gravity flame, since the physical separation between the three reaction zones is significantly increased in the absence of gravity. This can be attributed to two factors. First, the entrainment into the outer premixed and nonpremixed reaction zones is reduced due to the absence of buoyancy. Second, the buoyancy-induced advection downstream of the inner premixed and nonpremixed reaction zones is absent, while the flow dilatation effects in these regions push both the nonpremixed and outer premixed zones away from the centerline. ͑4͒ While the spatial characteristics of the inner premixed zone are relatively unaffected by gravity, both the nonpremixed and outer premixed reaction zones exhibit significant differences under 0 and 1 g conditions. For 0 g flames, the central nonpremixed and outer premixed zones are located farther away from the centerline compared to those in the corresponding 1 g flames. In addition, the 0 g nonpremixed reaction zone is less stretched due to reduced upstream advection, and less intense ͑through a reduced chemical activity as a consequence of lower mass transport͒ at its tip. The absence of gravity also decreases the central reaction zone height, since the residence time is increased. ͑5͒ A fundamental difference between the 0 and 1 g triple flame is due to their markedly different response to a change in the coflow velocity. For 0 g flames, as the coflow velocity is reduced, the outer premixed zone moves farther away from the centerline, since advection in the outer stream is reduced. This increases the physical separation and, thus, results in a decreased interaction between the reaction zones at 0 g. This effect becomes increasingly more pronounced as the coflow velocity is further reduced. In contrast, decreasing the coflow velocity in 1 g flames leads to a reduced spatial separation and, thus, a stronger interaction between the reaction zones. ͑6͒ The stability of 0 and 1 g laminar triple flames is significantly different. While a 0 g flame exhibits an oscillatory behavior only under high coflow velocity conditions, a corresponding 1 g flame almost always flickers. The flame flickering at 1 g is due to a buoyancy-induced absolute instability that is more pronounced and better organized as the coflow velocity is decreased. In contrast, the oscillations in the 0 g flame are caused by a convective Kelvin-Helmholtz type instability of the momentum shear layer that disappears as the coflow velocity is decreased. ͑7͒ Although the flickering at 1 g is initiated in the outer premixed zone, it is not confined to this zone. As coflow velocity is reduced, the flickering becomes stronger, more organized, and causes oscillations in all three reaction zones. Both the computed and measured frequencies are found to be in a narrow range extending from 9 to 12 Hz, in accord with previous experimental and computational studies dealing with flickering nonpremixed flames. In contrast, the instability in the 0 g flames is confined to the outer premixed zone. The computed Strouhal number for the 0 g oscillations is 0.027, which is in accord with that for constant density shear layers ͑that lies in the range 0.025-0.031͒. ͑8͒ There is good agreement between the predicted and measured ͑high-speed video͒ dynamics of the flickering 1 g flame. In addition, the predicted flickering frequency is found to be in excellent agreement with that obtained from temperature measurements as well as from highspeed video images. ͑9͒ The modified conserved scalar approach is found to be an effective tool to characterize the structure of partially premixed triple flames under both 1 g and 0 g conditions. The mass fraction profiles in terms of the modified mixture fraction indicate that the inner rich-premixed and central nonpremixed reaction zones are relatively uninfluenced by gravity. However, the scalar profiles in the lean premixed reaction zones are noticeably different at 0 and 1 g. In general, the radical ͑H and OH͒ species' mass fractions are smaller for the 0 g flame than those for the 1 g flame. This arises due to the reduced interaction between this and the central nonpremixed zone that leads to a lower chemical activity in the lean premixed zone of the 0 g flames. ͑10͒ Gravitational effects on a partially premixed triple flame are different from those on a corresponding double flame. Compared to a double flame, the nonpremixed reaction zone of a triple flame is relatively less affected by gravity. This difference is attributed to the presence of an outer lean premixed reaction zone in triple flames, which acts as a shield against the entrainment and enhanced advection caused by buoyancy. In addition, triple flames appear to be more prone to a buoyancy-induced instability, which leads to their wellorganized flickering behavior. 
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